Graphene and other two-dimensional (2D) materials have emerged as promising materials for broadband and ultrafast photodetection and optical modulation. These optoelectronic capabilities can augment complementary metal-oxide-semiconductor (CMOS) devices for high-speed and low-power optical interconnects. Here, we demonstrate an on-chip ultrafast photodetector based on a two-dimensional heterostructure consisting of high-quality graphene encapsulated in hexagonal boron nitride. Coupled to the optical mode of a silicon waveguide, this 2D heterostructure-based photodetector exhibits a maximum responsivity of 0.36 A/W and high-speed operation with a 3 dB cut-off at 42 GHz. From photocurrent measurements as a function of the top-gate and source-drain voltages, we conclude that the photoresponse is consistent with hot electron mediated effects. At moderate peak powers above 50 mW, we observe a saturating photocurrent consistent with the mechanisms of electron-phonon supercollision cooling. This nonlinear photoresponse enables optical on-chip autocorrelation measurements with picosecond-scale timing resolution and exceptionally low peak powers.
The past decades have seen concerted efforts to combine optical and electrical components into integrated optoelectronic circuits for a variety of applications, including optical interconnects [1] [2] [3] , biochemical sensing 4 , and all-optical signal processing 5 . The leading photodetector architectures, which form an essential technology for such circuits, are presently based on bulk semiconductor materials, predominantly Ge 6 and InP 7 . However, the integration of bulk semiconductor-based on-chip detectors has faced important challenges, including in some cases front-end changes in complementary metal-oxide-semiconductor (CMOS) processing, a spectral response limited by the material's bandgap-e.g. up to the L telecommunication band for strained Ge-and an intrinsic speed limited by the material's carrier mobility. In addition, because of the weak nonlinear optical response of these bulk semiconductor materials, high optical powers are required in nonlinear applications including optical pulse characterization, sampling, and signal processing [8] [9] [10] . Recently, the family of two-dimensional (2D) materials has emerged as an alternative optoelectronic platform with new functionalities 11, 12 , including broadband ultrafast photodetection [13] [14] [15] [16] [17] , onchip electro-optic modulation [18] [19] [20] [21] , light emission 22, 23 , saturable absorption 24 , and parametric nonlinearities [25] [26] [27] . Moreover, distinct 2D materials can be assembled nearly defect-free into entirely new types of 2D heterostructures 28, 29 , enabling optoelectronic properties and device concepts that were not feasible using bulk semiconductors.
Here, we introduce a 2D heterostructure consisting of single-layer graphene (SLG) encapsulated by hexagonal boron nitride (hBN) that enables both high-responsivity photodetection and ultrafast pulse metrology in a compact waveguide-integrated design. The mobility of BN-encapsulated graphene can reach up to 80,000 cm 2 /Vs at room temperature, exceeding that of traditional semiconductors such as Ge by 1-3 orders of magnitude. We use one-dimensional contacts to the hBN/SLG/hBN stack combined with a wide channel design to achieve a device resistance as low as ∼ 77 Ω. We measure operating speeds exceeding 40 GHz (3dB cut-off) and a record-high detection responsivity exceeding 350 mA/W, approaching responsivities of on-chip Si-Ge photodetectors 6 . We fabricated this 2D heterostructure in a back-end-of-the-line (BEOL) step on a silicon-on-oxide (SOI) photonic integrated circuit (PIC), which was fabricated in a CMOS-compatible process. The strong electron-electron interaction and weak electron-phonon coupling of the SLG 30-32 result in a nonlinear photoresponse above ∼ 50 mW of peak input power, enabling direct autocorrelation characterization of ultrafast pulses. Unlike traditional free-space autocorrelators, stacks assembled on SiO 2 substrates, which also included a Hall-bar geometry that was not possible for us to include on the waveguide-integrated device, the mobility of graphene is in the range of 40,000-60,000 cm 2 /V·s at carrier densities between 2-4×10 12 cm −228 .
We characterized the transmission of the completed device in the telecommunications band at 1550 nm, using lensed fibers for edge-coupling to SiN mode converters at the input and output of the ∼ 4-mm-long Si waveguide, as reported previously 38 . The hBN/SLG/hBN detector stack is located at the center of the waveguide, ∼ 2 mm from either edge facet.
Depositing the stack increased the waveguide transmission loss from 11 dB to 13.2 dB. Attributing this 2.2 dB excess loss to the 40-µm-long graphene-waveguide overlap, we calculate an absorption coefficient of 0.055 dB/µm. This coefficient is slightly higher than the absorption of 0.043 dB/µm that we estimated independently from a finite element simulation of the waveguide evanescent field coupling to the SLG 38 (note that the hBN is transparent in the telecom band since it has a bandgap of 5.2 eV). We attribute the slightly higher loss (0.48 dB) of the experimental device to additional scattering and reflection losses at the waveguide-detector stack interface. We observed negligible transmission loss from the electrolyte. A/W at V GS = 2 V and V DS = 1.2 V; this represent a more than three-fold improvement over previous waveguide-integrated graphene photodetectors [37] [38] [39] .
To explain the measured six-fold pattern in the responsivity map, we consider the PTE effect for the metal/graphene junction that overlaps with the waveguide. The evanescent field from the waveguide creates photo-excited carriers in the SLG, which rapidly thermalize, increasing the local electron temperature. Fig. 2c (top panel) shows the numerically solved local electron temperature T el across the source and drain contacts of the detector (supporting information). The photo-excited hot-electrons diffuse and create a potential gradient ∆V = −S(x)∇T el (x), where ∇T el (x) is the temperature gradient of the hot electrons and S(x) is the Seebeck coefficient. The total photocurrent collected between the source and drain contacts is given by
where G is the conductance of graphene and L the is length of the graphene channel. From the Mott formula 30,41-43 , S can be expressed as
where k B is the Boltzmann constant, T is the lattice temperature, e is the electron charge, σ is the conductivity of graphene, and µ is the chemical potential. Eq. 2 indicates that S depends strongly on the carrier density and the chemical potential of graphene, which can be tuned by V GS and V DS in our device. Fig. 2c and 2d show examples of the spatially resolved S(x) using parameters obtained from the measured conductance and the capacitance of the electrolyte (supporting information). By integrating S(x) and ∇T el along the source and drain contacts using Eq. 1, we can therefore calculate the photocurrent with respect to V GS and V DS , producing the photocurrent mapping in Fig. 2b , which shows a six-fold pattern qualitatively similar to the measured gate-and bias-dependent responsivity. It is also important to consider photovoltaic (PV) effects that generate photocurrent at the graphene p − n junction. However, the PV effect only produces a single sign reversal with respect to V GS and V DS and does not agree to the measured six-fold pattern in the experiment 30, 42, 43 .
We therefore estimate the PV effect to be small compared with the PTE, which is confirmed by theoretical approximations presented in the supporting information.
To test the dynamic response of the hBN/SLG/hBN detector, we coupled two narrowband (1 MHz) laser sources with a detuning frequency ∆f ranging from 1 to 50 GHz into the waveguide. The interference of these two laser fields produces an intensity in the detector that oscillates at frequency ∆f . Fig.3a displays the measured power at ∆f , obtained on an electrical spectrum analyzer (maximum frequency 50 GHz) via high-speed RF probes (Cascade FPC-GS-150). This measurement indicates a 3-dB cutoff frequency at 42 GHz, matching the highest reported graphene photodetector speeds 16 . We observed this ultrafast photoresponse even under zero drain-source bias, which distinguishes graphene from typical semiconductor high-speed photodiodes 6 . The detected photocurrent at V DS = 0 (Fig. 3b) linearly reduces with input power, indicating vanishing dark current. The responsivity at zero bias reaches 78 mA/W. Accounting for the fact that the graphene absorbs only ∼ 1.7 − 2.2dB of optical power in the waveguide, we can thus estimate an internal quantum efficiency of 16-19% . As shown in Fig. 3c , the spectral response of the detector under c.w.
laser excitation varies uniformly in the spectral range from 1510 nm to 1570 nm. We next tested the detector using 250-fs pulses at 1800 nm, produced by an optical parametric oscillator pumped by a Ti:Sapphire oscillator with 78 MHz repetition rate. As shown in Fig. 4a , the photocurrent shows a nonlinear photoresponse that is fit well by
. This approximately square root dependence in photocurrent with pump power suggests a supercollision-dominated cooling mechanism, for which I P h ∝ √ P in 32 .
Using this nonlinear photoresponse, we characterized our photodetector's ultimate speed limitations, which are dictated by the internal carrier dynamics. The picosecond-scale nonlinear photocurrent from the photodetector can be used for on-chip autocorrelation measurements for, e.g., ultrafast optical sampling. We tested the autocorrelator with an average power of only 1.4 µW (peak power of 67 mW). The autocorrelation trace (Fig. 4d) shows a clear dip with a minimum resolution down to 3ps.
The required peak power is less than free space autocorrelators based on parametric frequency conversion 44 , and is also comparable to TPA-based semiconductor autocorrelators with waveguide or cavity integration [45] [46] [47] . We noticed that the femtosecond-scale heating of the hot-electrons in graphene in a recent report could in principle improve the timing resolution of the on-chip autocorrelator to sub-50 fs 17 . It is also important to note that this graphene-based autocorrelator supports a broad spectral range that is identical to the spectral response of the graphene detector, which, in this work, is from 1500 nm to 1800
nm.
In summary, we have demonstrated a compact, high-speed and high-responsivity graphene photodetector integrated into a CMOS-compatible PIC. The maximum responsivity of the detector is 0.36 A/W with a high-speed 42 GHz cut-off frequency. The measured photocurrent of the detector as a function of V GS and V DS can be modeled by the PTE effect at the p − n junction near the metal/graphene interface. Under pulsed excitation, the nonlinear photocurrent response enables the characterization of ultrafast optical pulses and presents a new functionality of such a photodetector for autocorrelation and ultrafast optical sampling measurements. The peak power required for the autocorrelator is as low as 67 mW with a timing resolution of 3 ps. Our work shows the potential of 2D heterostructure-based photodetector architectures integrated in CMOS-compatible fashion with silicon PICs. Moreover, the unique nonlinear photoresponse of graphene enables a versatile platform for ultrafast metrology, which may also find applications for on-chip mode-locked pulse generation and pulse shaping on a single chip. The integrated photodetector and autocorrelator promise a broad range of applications ranging from optical communications to signal processing and ultrafast optics.
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